FAT10 (HLA-F-adjacent transcript 10) is a ubiquitin-like modifier that is commonly overexpressed in various tumors. It was found to play a role in mitotic regulation through its interaction with mitotic arrestdeficient 2 (MAD2). Overexpression of FAT10 promotes tumor growth and malignancy. Here, we identified the MAD2-binding interface of FAT10 to be located on its first ubiquitin-like domain whose NMR structure thus was determined. We further proceeded to demonstrate that disruption of the FAT10-MAD2 interaction through mutation of specific MAD2-binding residues did not interfere with the interaction of FAT10 with its other known interacting partners. Significantly, ablation of the FAT10-MAD2 interaction dramatically limited the promalignant capacity of FAT10, including promoting tumor growth in vivo and inducing aneuploidy, proliferation, migration, invasion, and resistance to apoptosis in vitro. Our results strongly suggest that the interaction of FAT10 with MAD2 is a key mechanism underlying the promalignant property of FAT10 and offer prospects for the development of anticancer strategies.
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chromosomal instability | ubiquitin | aneuploidy | cancer progression | FAT10 F AT10 (HLA-F-adjacent transcript 10) is a ubiquitin-like modifier protein that functions as a proteasomal degradation signal (1) (2) (3) . Recent studies, however, have suggested that FAT10's functions extend beyond protein degradation. FAT10 is expressed mainly in tissues of the immune system, including the spleen and thymus (4, 5) . In immune cells, FAT10 is strongly induced by proinflammatory stimuli and facilitates T-cell activation by enhancing antigen presentation of mature dendritic cells (6) . FAT10 also is induced by proinflammatory cytokines in various tissues outside the immune system including the liver and colon (7, 8) , although the physiological functions of this response remain unknown. What is clear, however, is that constitutive induction of FAT10 has deleterious consequences in promoting cellular malignancy. Our group recently has reported that ectopic expression of FAT10 induced malignant transformation in nontumorigenic cells and tumor promotion in tumorigenic cells (9) , implicating FAT10 in facilitating tumor growth and progression. This finding is consistent with multiple reports that found FAT10 to be up-regulated in several tumor types including tumors of the liver and colon (5, 8, 10, 11) .
To date, the mechanism underlying FAT10's promalignant characteristic remains unclear. One compelling albeit indirect piece of evidence stems from the finding that FAT10 interacts with the spindle checkpoint protein mitotic arrest-deficient 2 (MAD2) during mitosis and reduces MAD2 localization to the kinetochores, resulting in aneuploidy (7, 12) , a phenomenon closely associated with tumorigenesis and a hallmark of many solid tumors (13) . Given the strong association between aneuploidy, chromosomal instability, and cancer development (reviewed in ref. 14) , we hypothesized that FAT10 induces malignant progression through its interaction with MAD2. Therefore, the aims of this study were to elucidate the structure of the MAD2-binding interface of FAT10 and subsequently to examine the effect of disrupted FAT10-MAD2 interaction on FAT10-induced tumor progression.
Because of its poor solubility, no information is available thus far on the structure of FAT10. In this study, using heteronuclear multidimensional NMR spectroscopy, we identified the MAD2-binding interface of FAT10 located on its first ubiquitin-like domain and further determined the solution structure of this first domain. Moreover, we demonstrated that this interface is specific for the interaction of FAT10 with MAD2 and that mutation of the MAD2-binding residues of FAT10 did not interfere with the interaction of FAT10 with its other known key interaction partners including ubiquitin-activating E1 enzyme (UBA6) (15), ubiquitin-like protein NEDD8 μLtimate buster-1 long (NUB1L) (2), histone deacetylase 6 (HDAC6) (16) , autophagosome receptor p62 (17) , and tumor suppressor p53 (18) . Significantly, abrogation of the FAT10-MAD2 interaction by mutating the core MAD2-binding residues on FAT10 limited FAT10-induced Significance FAT10, a ubiquitin-like modifier, is an oncogene that interacts with mitotic arrest-deficient 2 (MAD2) and confers cellular malignancy. Here we identified the MAD2-binding residues of FAT10 and determined the first solution structure, to our knowledge, of the first FAT10 ubiquitin-like domain. Importantly, we demonstrated the proof-of-mechanism for a novel and specific drugtargeting strategy that entails the specific inhibition of the pathological activity of a therapeutic target but not its reported physiological function, thus minimizing undesirable side effects: Abrogation of the FAT10-MAD2 interaction curtailed tumor progression without affecting FAT10's interaction with its other known physiological binding partners. This study presents a paradigm for drug targeting and paves the way for the development of a novel small-molecule anticancer inhibitor targeting the MAD2-binding interface of FAT10.
Author contributions: S.S.T., J.S., and C.G.L. designed research; S.S.T., W.W., W.-C.M., Y.G., H.Q., and L.L. performed research; J.Z. and S.S.C. contributed new reagents/analytic tools; S.S.T., W.-C.M., J.S., and C.G.L. analyzed data; C.G.L. supervised students and staff on the project; and C.C., J.S., and C.G.L. wrote the paper. tumor growth, as evidenced by the reduced tumor sizes in mice xenografts. Additionally, disruption of the FAT10-MAD2 interaction mitigated the promalignant capacity of FAT10 in vitro, including its ability to modulate aneuploidy, cellular proliferation, migration, invasion, and resistance to apoptosis. We further found that the interaction of FAT10 with MAD2 was essential for inducing widespread gene dysregulation that may promote cellular malignancy.
Taken together, our results unequivocally implicate the interaction of FAT10 with MAD2 as a key mechanism underlying the promalignant property of FAT10. Importantly, we have elucidated the MAD2-binding interface of FAT10 and have demonstrated that it is specific for binding to MAD2, opening up prospects for the development of specific anticancer strategies targeting the promalignant function of FAT10 by inhibiting the pathological FAT10-MAD2 interaction.
Results
Structural Characterization of FAT10. FAT10 is a 165-aa multifunctional protein comprising two ubiquitin-like domains ( Fig. 1  A and B) . However, the structure of the FAT10 protein remains elusive, largely because of its insoluble nature. Here, by extensively optimizing the buffer conditions, we succeeded in obtaining the full-length FAT10 sample at a protein concentration of 20 μM and collected its circular dichroism (CD) and NMR 1 H-15 N heteronuclear single-quantum correlation (HSQC) spectra (represented by black in Fig. 1 C and D) . The full-length FAT10 protein contains well-formed secondary structures, as is evident from its far-UV CD spectrum comprising two negative signals at 208 and 222 nm as well as a positive signal at 195 nm (Fig. 1C ). FAT10's well-folded structure was evidenced further by its HSQC spectrum with large spectral dispersions at both 1 H (∼3.1 ppm) and 15 N (∼26 ppm) dimensions (Fig. 1D) . However, because the full-length FAT10 protein tended to aggregate, even at 20 μM, we dissected it into its two ubiquitin-like domains: amino acid residues 1-82 (domain 1) and 83-165 (domain 2). Although domain 2 was highly soluble and stable, domain 1 was poorly soluble even at 50-μM concentrations. Hence, we further generated several constructs of domain 1 with sequential deletion of the N-terminal residues and found that the construct with seven N-terminal residues deleted exhibited reasonable solubility and stability for further determination of the NMR structure. The two isolated domains contained well-formed secondary structures and well-folded 3D structures as evident from their far-UV CD spectra (represented by red and blue in Fig. 1C ) and HSQC spectra (represented by red and blue in Fig. 1D ), respectively. Strikingly, the HSQC peaks of the two isolated domains were almost superimposable on the corresponding peaks of the fulllength FAT10 (Fig. 1D ). This finding strongly implies that the two ubiquitin-like domains are linked by a flexible loop and that, in the context of the full-length FAT10 protein, there might not be significant packing between the two domains. N-edited HSQC-total correlation spectroscopy (TOCSY) and HSQC-NOESY, we achieved both backbone and side-chain assignments of most nonproline residues except for 10 residues within the long loop from Pro59 to Thr73 for which HSQC peaks were not detected at pH 7.4. Next, the 3D structure was determined for FAT10 domain 1. Briefly, NOE-derived distance and TALOS-based dihedral angle restraints (19) were used in the CYANA software package (20) to calculate 50 NMR structures. The eight structures with the lowest target functions were selected for further refinement with AMBER force field (21) . The eight superimposed NMR structures of FAT10 domain 1 are shown in Fig.  1E , and the calculation statistics and structure quality are summarized in Table S1 . The eight NMR structures consist of welldefined secondary structures comprising five β-strands and one α-helix, with rms deviations over the secondary structure regions of 0.45 Å for backbone atoms and 1.15 Å for all atoms as compared with the mean structure. The loop regions were less defined, with distinctive conformations in different structures. In particular, the loop residues Arg60 and Glu61 were highly variable because of the lack of NOE connectivities, and their corresponding HSQC peaks were very broad, implying possible conformational changes (22) . As a consequence, rms deviations of the whole FAT10 domain 1 became 1.08 Å for backbone atoms and 2.24 Å for all atoms. Furthermore, no slowly exchanged amide protons could be identified by the NMR H-D exchange experiments at pH 7.4, suggesting that FAT10 domain 1 also undergoes a global folding-unfolding exchange that usually occurs on the microsecond-to-second time scale. The presence of the Western blot analysis confirmed comparable expression of wild-type and mutant FAT10 in HCT116 cells. FAT10 mutants containing mutated di-glycine residues (ΔGly: G164A, and G165A) were generated also.
conformational exchanges on the microsecond-to-second time scale thus rationalizes the relatively low number of long-range NOEs, which contributes to the relatively high rms deviations for FAT10 domain 1. Although FAT10 domain 1 possesses the characteristic ubiquitin-like fold comprising five β-strands and one α-helix, the electrostatic potential surface of this domain differs from that of ubiquitin (Fig. S1) (23) . For FAT10 domain 1, the surface constituted by some of the residues from β-strands 1, 3, and 5 is highly positive (Fig. 1G) , whereas the opposite side is largely negative (Fig. 1H) .
We also conducted extensive investigations on the binding interaction between FAT10 and MAD2. FAT10 proteins including FAT10 (aa 1-165), FAT10 (aa 8-165), FAT10 domain 1 (aa 1-82), FAT10 domain 1 (aa 8-82), and FAT10 domain 2 (aa 82-165) were subjected to NMR HSQC titration by adding MAD2. The HSQC titration allowed the detection of weak binding events and mapping of the binding interface (22, 24, 25) . Titration of the 15 N-labeled full-length FAT10 sample by the gradual addition of unlabeled MAD2 triggered a significant reduction in intensity or even the disappearance of a portion of FAT10 HSQC peaks ( Fig. 2A) . Upon closer inspection, we found that these peaks were primarily from domain 1 (Fig. 2B) , suggesting that FAT10 domain 1 is responsible for binding to MAD2. Furthermore, HSQC peaks of residues 1-7 were not perturbed significantly by the addition of MAD2. To confirm our finding, 15 N-labeled samples of the two isolated domains of FAT10 were titrated with MAD2. As expected, the gradual addition of MAD2 induced significant reduction in intensity or even the disappearance of HSQC peaks of domain 1, but no chemical shift or intensity change was detected in HSQC peaks of domain 2 even at a FAT10 domain 2:MAD2 molar ratio of 1:4, despite FAT10 domain 2 assuming the same ubiquitin-like fold (Fig. S2) . These data strongly suggest that only domain 1 of FAT10 interacts with MAD2. Subsequently, we mapped the MAD2-binding interface of FAT10 domain 1 by examining residues with HSQC peaks that either disappeared or significantly broadened at FAT10 domain 1:MAD2 molar ratios of 1:0.5 and 1:1 (represented by red and brown, respectively, in Fig. 2 C and  D) . Interestingly, the MAD2-binding surface, which is positively charged, is composed mainly of β-strands 1, 2, 3, and 5 with the core residues located on the β1 (Val9-Arg12) and β5 (Ile74-Lys79) strands ( Fig. 2 C and D) . Of the core residues, only the side chains of His11 and Arg13 on β1 and His75, Thr77, and Lys79 on β5 were exposed to the solvent; the other core residues were buried within the protein. Because buried hydrophobic residues usually are involved in folding and stabilization, and exposed residues often play a central role in binding, we focused our investigations on the five exposed residues, namely His11, Arg13, His75, Thr77, and Lys79, and their possible contributions to the FAT10-MAD2 interaction.
We therefore generated various FAT10 domain 1 mutants: M1 with H11D and R13Q mutations in region 1; M2 with H75D, T77D, and K79Q mutations in region 2; and M12 with all the aforementioned mutations (Fig. 2E) . The respective amino acid substitutions were chosen to disrupt potential amino acid charge-dependent interactions while retaining their molecular weight. Importantly, the amino acid substitutions did not result in significant denaturation or misfolding of the respective mutant proteins, as indicated by their CD spectra (Fig. S3A) . To quantify the binding event, the thermodynamic parameters of the binding between MAD2 and wild-type FAT10 domain 1 as well as its mutants were measured by isothermal titration calorimetry (ITC). The binding affinity obtained for the wild-type FAT10 domain 1 (dissociation constant, K d , of 2.97 μM) (Fig. 2F) was consistent with the observed disappearance of HSQC peaks of the FAT10 domain 1 upon binding to MAD2 (22, 25) . On the other hand, M1 showed significantly reduced binding affinity (Fig. S3B ) and thus could not be fitted to obtain the binding parameters, and M12 showed almost no binding to MAD2 (Fig.  S3C) . The M2-MAD2 interaction could not be determined because of its low solubility.
Mutation of MAD2-Binding Residues on FAT10 Does Not Affect FAT10's Binding to Other Interaction Partners. We next examined the involvement of the aforementioned FAT10 residues in the interaction of FAT10 with MAD2. Mutations of the putative MAD2-binding regions of FAT10 (Fig. 2E) were introduced into full-length human FAT10 cDNA using site-directed mutagenesis and were cloned into a pcDNA3.1 vector (Invitrogen) for stable expression of the wild-type and mutant FAT10 proteins in HCT116 parental cells (Fig. 2G) . Importantly, the expression levels of wildtype and mutant FAT10 proteins used in the subsequent experiments of this study were within the range of FAT10 expression detected in hepatocellular carcinoma (HCC) tumors (Fig. S4) .
To identify the FAT10 residues that are critical for its interaction with MAD2, we examined the interaction of wild-type and mutant FAT10 with endogenous MAD2 using coimmunoprecipitation (co-IP) and in situ proximity ligation assay (PLA), a sensitive technique that detects sites of protein-protein interaction through the visualization of red fluorescent signals. Strikingly, both methods of detecting protein-protein interaction showed abrogation of the FAT10-MAD2 interaction only upon mutation of both MAD2-binding regions (i.e., mutant M12) ( Fig.  3 A and B , Upper Left and Fig. S5 ). FAT10 mutated at either binding region (M1 and M2) retained the ability to interact with MAD2, albeit to a lesser extent for M1 (Fig. 3 A and B , Upper Left). Furthermore, mutation of both MAD2-binding regions did not affect the binding of FAT10 to its known substrates namely UBA6, NUB1L, HDAC6, and p62 ( Fig. 3 A and B) , suggesting that the MAD2-binding interface of FAT10 is specific to MAD2. Separately, mutation of the C terminus di-glycine motif of FAT10 abolished binding to UBA6 and p62 ( Fig. 3 A and B , Upper Middle and Upper Right), consistent with reports that FAT10 binds to these proteins through its di-glycine residues (15, 17) . An irrelevant antibody, anti-p16, was used as a negative control in the interaction experiments. We further ascertained that FAT10 binds to free MAD2 and not to MAD2 bound to the spindle checkpoint complex, because members of the MAD2 complex, MAD1 and Bub1 (budding uninhibited by benzimidazoles 1), could not be detected following immunoprecipitation using FAT10-specific antibodies ( Fig. 3C and Fig. S5 ). Because Li et al. (18) previously found that FAT10 overexpression increased the population of transcriptionally active p53, we next tested if mutation of the MAD2-binding regions of FAT10 interfered with this function. To this end, transcriptionally inactive p53 levels were determined using PAB240 antibodies following immunoprecipitation of fulllength p53 (FL-393 antibody) in wild-type FAT10, M12, and wild-type parental cells. Consistently, a significant reduction in transcriptionally inactive p53 levels was detected in wild-type FAT10 cells as compared with parental cells, although total p53 levels were similar in both cell lines (Fig. 3D) . A similar reduction in transcriptionally inactive p53 levels also was observed in M12 cells (Fig. 3D) , suggesting that the abrogation of the FAT10-MAD2 interaction did not interfere with the ability of FAT10 to increase the population of transcriptionally active p53. Furthermore, mutation of the MAD2-binding residues of FAT10 did not interfere with the interaction of FAT10 with p53 (Fig.  3D) , supporting the specificity of the MAD2-binding interface of FAT10 for MAD2.
Abrogation of the FAT10-MAD2 Interaction Ameliorates FAT10-Induced
Chromosomal Instability and Mitotic Checkpoint Dysregulation. FAT10 overexpression has been shown to promote chromosomal instability (7, 12) , tumor initiation, and malignant features in both nontumorigenic and tumorigenic cells (9) . To examine the effect of disrupted FAT10-MAD2 interaction on FAT10-induced chromosomal instability, chromosomes from parental wild-type HCT116 cells and from wild-type FAT10 (FAT-A and FAT-B), M1, M2, and M12 (M12-A and M12-B) cells were karyotyped. Consistent with our previous findings (7, 12) , overexpression of wild-type FAT10 showed a markedly higher proportion of aneuploid cells compared with parental cells (Fig. 4A) . Specifically, the majority (>70%) of wild-type FAT10-expressing cells displayed more than the usually observed number of chromosomes (80-89), whereas the majority (>80%) of the parental cells retained the modal number of chromosomes (40-49) (Fig. 4A) (12) . Further, a majority (>68%) of MAD2-deficient cells (Fig. S6A ) similarly showed more than the usually observed number of chromosomes (80-89) (Fig. S6B) . Although similarly high proportions of aneuploid cells were observed in M1 and M2 cells and in wild-type FAT10-expressing cells, the majority (>79%) of M12 cells deficient for FAT10-MAD2 interaction retained modal chromosome numbers (Fig. 4A) , suggesting that the FAT10-MAD2 interaction may be critical for FAT10-induced aberrations in chromosome number.
A closer examination of the morphology of the metaphase chromosomes in the various cell lines revealed that wild-type FAT10-expressing cells contained incompletely condensed, long "thread-like" chromosomes as opposed to the condensed, short "ribbon-like" chromosomes in parental cells (Fig. 4B) . Strikingly, the morphology of the metaphase chromosomes in M1 and M2 cells resembled that of wild-type FAT10-expressing cells, whereas the morphology of metaphase chromosomes in M12 cells resembled that of parental cells (Fig. 4B) . Notably, MAD2 depletion has been reported to alter chromosome morphology similarly (26) . Taken together, these data suggest that the interaction of FAT10 with MAD2 contributes to FAT10-induced abnormalities in chromosome structure and number.
Next, because wild-type FAT10 overexpression was reported to facilitate escape from nocodazole-induced mitotic arrest (12), we examined if this escape was mediated by the interaction of FAT10 with MAD2. Mitotic cell populations were obtained by synchronization at G1/S phase followed by nocodazole-induced arrest for 8 h. Cells then were assessed by FACS analysis following staining with the mitosis marker mitotic protein monoclonal 2 (MPM-2) (27) . Consistent with our earlier observations, a significantly reduced proportion of mitotic cells was observed in wild-type FAT10-expressing cells (7.2%) compared with parental cells (23.7%) following mitotic arrest (Fig. 4C) . Similarly, depletion of MAD2 resulted in a significantly reduced proportion of mitotic cells (Fig. S6C) , phenocopying the reduction seen with FAT10 overexpression. Notably, abrogation of the FAT10-MAD2 interaction (i.e., in the M12 mutant) limited the cell's ability to escape mitotic arrest to levels comparable to that of parental cells (Fig. 4C) . Mutation of the di-glycine motif of FAT10 (ΔGly) moderately restored the mitotic cell population, albeit to a lesser extent (Fig. 4C) . These data support a role for the FAT10-MAD2 interaction in disrupting the mitotic checkpoint and in inducing aneuploidy.
Abrogation of the FAT10-MAD2 Interaction Attenuates FAT10-Induced
Malignancy in Vitro. We next investigated the role of the FAT10-MAD2 interaction on FAT10-induced malignancy because FAT10 overexpression was previously found to enhance the cell's anchorage-independent growth, resistance to cell death, and its invasion and migration abilities (9). (Fig. 5A) . However, disruption of the FAT10-MAD2 interaction (M12) significantly attenuated cellular proliferation to levels observed in FATi cells, which were notably lower than those of parental cells (Fig. 5A) . Next, investigation of the anchorage-independent growth profiles of the various cell lines showed that wild-type FAT10 overexpression enhanced anchorage-independent growth of cells relative to parental cells (Fig. 5B) . Mutation of either MAD2-binding region of FAT10 (M1 and M2) reduced colony formation on soft agar to that observed in parental cells, whereas abrogation of the FAT10-MAD2 interaction (M12) almost obliterated anchorage-independent growth of the cells (Fig. 5B) .
Examination of the cell's ability to resist camptothecin-induced cell death revealed that ablation of the FAT10-MAD2 interaction (M12) increased susceptibility to cell death, whereas cells harboring mutation of either MAD2-binding region of FAT10 (M1 and M2) retained an ability to resist cell death similar to that of wild-type FAT10-expressing cells (Fig. 5C) . Additionally, abrogation of the FAT10-MAD2 interaction (M12) attenuated FAT10-induced cellular migration and invasion to levels comparable to or below those of parental cells (Fig. 5 D and E, respectively) . Notably, mutation of either MAD2-binding region of FAT10, particularly M1, only partially impaired the invasive and migratory ability of the cells. Further, analysis of a protein that degrades extracellular matrix and is associated with colon cancer progression (28), matrix metalloproteinase 9 (MMP-9), showed that wild-type FAT10 induced cells to secrete significantly higher amounts of MMP-9 compared with parental cells (Fig. 5F) . Abolishment of the FAT10-MAD2 interaction inhibited FAT10-induced MMP-9 secretion to levels observed in parental cells, whereas mutation of either MAD2-binding region of FAT10 only moderately attenuated the increased MMP-9 secretion (Fig. 5F) .
Collectively, disruption of the interaction of FAT10 with MAD2 curtailed various FAT10-induced malignant characteristics in vitro, and these findings were observed consistently and graphical (Lower) representation of mitotic profiles of parental wild-type, stable wild-type, and mutant FAT10-expressing cells. Cells were synchronized at G1/S phase by single thymidine block followed by treatment with the M-phase inhibitor nocodazole for 8 h. Cells were stained with the mitosis marker MPM-2 (27) before FACS analysis. All data shown are mean ± SE. *P < 0.05 compared with parental wild type; # P < 0.05 compared with FAT10-expressing cells.
in transiently-expressing FAT10 SNU449-transformed liver cells (Fig. S7) suggesting a role for the FAT10-MAD2 interaction in tumor progression.
Tumor Formation in Vivo. We previously had demonstrated that FAT10 overexpression promotes tumor formation in nude mice, recapitulating the malignant phenotype observed in vitro (9) . To investigate if the tumor-promoting ability of FAT10 is mediated through its interaction with MAD2, parental and various FAT10-expressing HCT116 stable cells were injected s.c. into opposite flanks of nude mice. Consistent with our previous report, wild-type FAT10-expressing cells induced significantly larger tumor formation at the injected sites than did parental cells (Fig. 6) . Strikingly, MAD2 binding-deficient FAT10-expressing cells (M12 cells) formed dramatically smaller tumors, even smaller than those arising from parental cells, whereas mutation of either MAD2-binding region of FAT10 (M1 and M2) moderately retarded FAT10-induced tumor growth (Fig. 6 ). These data highlight the tumorpromoting ability of FAT10 and further suggest that its promalignant characteristic is mediated by its interaction with MAD2.
Mutation of MAD2-Binding Residues of FAT10 Inhibited FAT10-
Induced Global Gene-Expression Changes. To assess the effect of mutating the MAD2-binding regions of FAT10 on global gene expression, expression profiling was performed on cells stably expressing wild-type FAT10 and on cells expressing the various FAT10 mutants M1, M2, and M12. All cells were synchronized using double thymidine treatment before expression profiling to exclude potential cell cycle-dependent confounding effects on gene expression. Although wild-type FAT10 induced significant changes in global gene-expression profiles, the gene-expression profiles of the MAD2 binding-deficient FAT10 mutant (M12) resembled those of the parental cells (Fig. 7A) . Specifically, the number of dysregulated genes in M12 cells was markedly reduced compared with the wild-type counterpart (Fig. 7B ). In addition, deregulated gene-expression profiles of the top associated network function deregulated by wild-type FAT10, namely, Cellular Growth and Proliferation, Cellular Development, and Cell Death (Tables  S2 and S3 ) (9), could be restored by abrogating the interaction of FAT10 with MAD2 (Fig. 7C ). As evident from Fig. 7D , a majority of the significantly deregulated genes in the top associated network of wild-type FAT10-expressing cells were not significantly altered in M12 cells. These data suggest that the interaction between FAT10 and MAD2 is important for FAT10-induced deregulation of genes of key pathways associated with tumor progression such as cellular growth and proliferation, cellular development, and cell death. Taken together, our data demonstrate that FAT10 promotes tumor progression through its interaction with MAD2 and that disruption of the FAT10-MAD2 interaction may curtail cellular malignancy.
Discussion
In recent years, increasing evidence has pointed toward a pathological role for FAT10 in promoting cellular malignancy through mechanisms beyond its proteasome-targeting function. Liu et al. (4) first reported the interaction of FAT10 with the mitotic spindle assembly checkpoint protein MAD2, and we further showed that this interaction induced chromosomal instability (7, 12) , a hallmark of many solid tumors. Recently, a causal role for FAT10 in tumor initiation and progression was established (9, 29) . However, the role of the FAT10-MAD2 interaction in promoting malignancy remained unclear, largely because the insoluble nature of the FAT10 protein in vitro hampered the identification of the FAT10 protein structure and its interaction interface with MAD2.
In this study, we achieved a breakthrough to this conundrum, and with the FAT10 domain 1 structure presented here we report the successful determination of the first (to our knowledge) solution structures of the FAT10 domains through extensive dissection of the protein. We show through NMR studies that FAT10 contains two domains that adopt the same ubiquitin-like fold and that they may not possess tight packing between each other. Importantly, we mapped the MAD2-binding interface of FAT10 to domain 1 of FAT10 with a K d of 2.97 μM. The very different electrostatic potential surface of domain 2 may be largely responsible for its inability to bind MAD2 (Fig. S2) . We further identified and characterized five core residues within this interface that are crucial for the interaction of FAT10 with MAD2. Mutation of these five key residues abolished the FAT10-MAD2 interaction both in vitro and in vivo and mitigated the promalignant features of FAT10, strongly implicating the interaction of FAT10 with MAD2 in mediating FAT10-induced malignancy. Importantly, disruption of the FAT10-MAD2 interaction significantly curtailed FAT10-induced tumor growth in vivo, suggesting that the role of FAT10 in tumor progression is critically dependent on its interaction with MAD2.
In agreement with literature reports implicating FAT10 in mitotic regulation (7, 12) , a recent study revealed FATylation of mitosis-related cell cycle regulators, including MAD2, during mitosis (30) . Here, we provide further mechanistic insight into FAT10-induced mitotic dysregulation through its interaction with the mitotic spindle assembly checkpoint protein MAD2. We demonstrated that the capacity of FAT10 to induce numerical and structural chromosomal aberrations is critically dependent on its interaction with MAD2. Perhaps this finding is not surprising, given that MAD2 serves as an important checkpoint during mitosis, ensuring proper attachment of chromosomes to the spindle microtubules during prometaphase. During this phase, unattached kinetochores prevent metaphase-to-anaphase transition by inducing the conversion of mitotic checkpoint proteins such as MAD2 into diffusible inhibitors of anaphasepromoting complex-cdc20 (APC cdc20 ) (31) . Interestingly, the MAD2-dependent FAT10-induced malignant phenotype strikingly resembles the high prevalence of aneuploidy and spontaneous tumors observed in mice heterozygous for MAD2 and overexpressing MAD2 (32, 33) , implicating a weakened mitotic checkpoint in promoting cellular malignancy. The significance of checkpoint aberration and aneuploidy in promoting neoplastic transformation also has been highlighted by several studies that used mice with genetically altered levels of checkpoint components (reviewed in ref. 13) . Notably, we found that other FAT10-induced malignant characteristics such as enhanced proliferation, migration, and invasion and resistance to apoptosis also were dependent on its interaction with MAD2, consistent with the reported promalignant phenotype of MAD2-deficient cells (34) (35) (36) . These findings suggest that MAD2 may have other roles that are independent of its role in mitosis, although the underlying mechanisms at present remain unclear. Additionally, our data suggest that the interaction of FAT10 with MAD2 induces widespread gene deregulation that may promote cellular malignancy. Although it is not immediately clear whether the aberrant gene-expression patterns observed were a result of FAT10-induced chromosomal instability or a consequence of the FAT10-MAD2 interaction, our data undoubtedly show that abrogating the FAT10-MAD2 interaction protects on cells against global gene deregulation induced by FAT10.
In this study, we have demonstrated that the MAD2-binding interface of FAT10 is specific to MAD2, thus presenting a previously unidentified and specific strategy for targeting the MAD2-related tumor-promoting activities of FAT10. Mutation of the five core residues of FAT10 that are crucial for the FAT10-MAD2 interaction did not affect the covalent binding of FAT10 with its E1 enzyme UBA6 or with other known binding partners through the FAT10 di-glycine residues, consistent with the notion that the two FAT10 domains are structurally . Green and red represent down-and up-regulation of gene expression, respectively, relative to the parental wild-type cells; white ovals in C represent genes with no significant change of expression between the indicated comparisons. ***P < 0.001, **P < 0.01, *P < 0.05.
independent. Noncovalent interactions between FAT10 and proteins NUB1L and HDAC6 also were unaffected by the disruption of the MAD2-binding interface of FAT10. Specific targeting of the MAD2-related pathological activity of FAT10 offers the advantage of minimizing potential undesirable side effects for future therapy and is of paramount importance, because our current understanding of the physiological roles of FAT10 is incomplete. Specific targeting of FAT10 also appears more favorable than targeting MAD2 because MAD2 is ubiquitously expressed and plays a critical physiological role in cell cycle regulation. In contrast, the frequent selective overexpression of FAT10 in tumors (5) makes extremely attractive the development of small-molecule inhibitors targeting the MAD2-binding interface of FAT10 for use as a cytostatic agent in anticancer therapies for patients with premalignant neoplasms or tumors.
In summary, this study has shed light on the mechanism underlying FAT10-induced promotion of cellular malignancy through its interaction with MAD2. Importantly, our findings present a paradigm for drug targeting as well as the foundation for the development of novel, small-molecule anticancer drugs that specifically target the MAD2-related promalignant functions of FAT10.
Materials and Methods
Detailed materials and methods are included in SI Materials and Methods. Briefly, HCT116 cell lines were purchased from American Type Culture Collection (ATCC). The MAD2-binding interface of FAT10 was obtained by NMR studies. FAT10 mutants were generated using site-directed mutagenesis. Protein-protein interactions in cells were verified using co-IP and PLA. Chromosome numbers and mitotic index analyses were performed as previously described (12) . Cell proliferation was measured using the water-soluble tetrazolium salt (WST-1) assay. Anchorage-independent growth was investigated using soft agar colony formation assay. Apoptotic cells were measured using FACS analysis following FITC-caspase3 staining. Cell migration was assessed using the scratch-wound assay. Invasion assays were performed using the Matrigel Invasion Assay. MMP-9 secretion was measured using ELISA. Details of the expression microarray analyses to identify genes affected by the FAT10-MAD2 interaction are described in SI Materials and Methods.
